Additional index words. volumetric water content, nursery production, woody ornamentals, soil moisture sensor, container plants Abstract. Sustainable use of water resources is of increasing importance in container plant production as a result of decreasing water availability and an increasing number of laws and regulations regarding nursery runoff. Soil moisture sensor-controlled, automated irrigation can be used to irrigate when substrate volumetric water content (u) drops below a threshold, improving irrigation efficiency by applying water only as needed. We compared growth of two Gardenia jasminoides cultivars, slow-growing and challenging 'Radicans' and easier, fast-growing 'August Beauty', at various u thresholds. Our objective was to determine how irrigation can be applied more efficiently without negatively affecting plant quality, allowing for cultivar-specific guidelines. Soil moisture sensor-controlled, automated irrigation was used to maintain u thresholds of 0.20, 0.30, 0.40, or 0.50 m 3 · m L3 . Growth of both cultivars was related to u threshold, and patterns of growth were similar in both Watkinsville and Tifton, GA. High mortality was observed at the 0.20-m · m L3 u thresholds show that more efficient irrigation can be used without negatively impacting growth.
· m L3 u thresholds. Irrigation volume increased with increasing u thresholds for both cultivars. For 'August Beauty', cumulative irrigation volume ranged from 0.96 to 63.21 L/plant in Tifton and 1.89 to 87.9 L/plant in Watkinsville. For 'Radicans', cumulative irrigation volume ranged from 1.32 to 126 L/plant in Tifton and from 1.38 to 261 L/plant in Watkinsville. There was a large irrigation volume difference between the 0.40 and 0.50-m 3 · m L3 u thresholds with little additional growth, suggesting that the additional irrigation applied led to overirrigation and leaching. Bud and flower number of 'Radicans' were greatest for the 0.40-m 3 · m L3 u threshold, indicating that overirrigation can reduce flowering. The results of this study show that growth of the different G. jasminoides cultivars responded similarly to u threshold at both locations. Similarities in growth and differences in irrigation volume at the 0.40 and 0.50-m 3 · m L3 u thresholds show that more efficient irrigation can be used without negatively impacting growth.
More efficient irrigation management has become a focus in sustainable container plant production (Chappell et al., 2013a) to improve resource use and to mitigate the environmental impact of fertilizers and pesticides found in nursery effluent (Beeson et al., 2004; Bilderback, 2002; Lea-Cox and Ross, 2001) . Best management practices such as cyclic irrigation, grouping plants based on water needs, and runoff collection basins are effective methods of improving irrigation (Chappell et al., 2013a) but do not control irrigation based on actual crop water requirements. Approaches to irrigation control based on substrate volumetric water content and/or daily water use (DWU) apply only the water needed by the crop to replace what is lost resulting from evapotranspiration and can provide greater efficiency (Bayer et al., 2013; van Iersel et al., 2010; Warsaw et al., 2009) . Irrigating based on q and DWU requires knowledge of a diversity of ornamental plant water requirements, which is currently limited (Warsaw et al., 2009) . Understanding how plant growth is affected by maintenance of different q thresholds will allow for species-specific guidelines. Automated irrigation using capacitance sensors to maintain q thresholds can be used to grow plants at different levels of water availability, allowing for determination of thresholds at which growth is negatively impacted. Irrigation volume can be reduced using q threshold control while still producing salable plants for a variety of ornamental crops including Hibiscus acetosella 'Panama Red' (Bayer et al., 2013) , Gaura lindheimeri 'Siskiyou Pink' (Burnett and van Iersel, 2008) , Hydrangea macrophylla 'Mini Penny' (van Iersel et al., 2009) , and Lantana camara (Bayer et al., 2014) . To date sensor-controlled automated irrigation has largely been used in research; however, wireless sensor networks capable of controlling irrigation are being developed for practical implementation in commercial production (Kohanbash et al., 2013) and have been trialed in nurseries (Belayneh et al., 2013; Chappell et al., 2013b) .
Management of irrigation water can also be beneficial for reducing the spread of soilborne pathogens. Losses resulting from soilborne pathogens can be 30% for problem crops such as dwarf gardenias (Gardenia jasminoides 'Radicans' and 'MADGA 1'), which are high-value yet problematic crops for many growers (Chappell et al., 2013b) . Phytophthora cinnamomi was among the most prevalent pathogens in Gardenia jasminoides production at a commercial nursery in Georgia (Chappell et al., unpublished results) . Control of q has been shown to reduce pathogen pressure and disease incidence not only limiting losses, but also reducing the need for pesticide applications (Chappell et al., 2013b) . Economic analysis of wireless sensor network-controlled irrigation and standard nursery irrigation practices in a commercial nursery in Georgia found shortened production time, 50% reduction in loss resulting from disease, and reduced fertilizer and fungicide applications, which resulted in a 20.6% increase in profits .
Greater allocation of resources to root development vs. shoot growth in waterlimited conditions has been reported as a plant adaptation for survival (Kozlowski and Pallardy, 2002; Silva et al., 2012) . Although the impact of soil moisture sensor-controlled irrigation on shoot growth is well known, information is limited on the effects on root growth (Bauerle et al., 2013) . Bauerle et al. (2013) found that root distribution affected substrate moisture measurements in containergrown tree species with greater variability with greater biomass and/or coarser roots. An understanding of how root growth is affected by q is valuable not only for container plant production, but also the establishment of plants in the landscape.
Comparing the growth of Gardenia jasminoides 'August Beauty' and 'Radicans' grown at various q thresholds will provide further information about how irrigation can be applied more efficiently without negatively impacting plant quality. On-farm trials have shown that sensor-controlled irrigation can prevent root disease problems in Gardenia jasminoides and shorten the production cycle (Chappell et al., 2013b) . However, there has been no research to determine the optimal q threshold for Gardenia jasminoides. This study compared growth of more challenging Gardenia jasminoides 'Radicans' and faster-growing, less problematic Gardenia jasminoides 'August Beauty'. The objectives of this study were to see if both cultivars exhibit similar growth responses to q levels, to compare shoot vs. root growth, and to determine whether q affects the susceptibility of plants to Phytophthora cinnamomi.
Materials and Methods
Research was conducted at Treatments and data collection. Identical soil moisture sensor-controlled irrigation systems, based on that described by Nemali and van Iersel (2006) , were used in both locations. Both locations had 16 plots with plots being experimental units consisting of 18 to 20 plants. Soil moisture sensors (10HS; Decagon Devices, Pullman, WA) were inserted into two pots in each of the 16 plots at an 45°a ngle. Sensors were inserted with the prongs extending into the center of the substrate to a depth at which the entire sensor was in the substrate. The 32 sensors were connected to a multiplexer (AM416; Campbell Scientific, Logan, UT), which was connected to a data logger (CR10; Campbell Scientific). The data logger excited the sensors with 2.5 VDC and measured the resulting voltage output from the sensors every 20 min.
The voltage readings from the sensors were converted to q using our own calibration [q = -0.401 + 1.0124 · output (V)] developed using the method described by Nemali et al. (2007) . When both sensor measurements were less than the q threshold for that plot ( ), the data logger signaled the relay driver (SDM16AC/DC controller; Campbell Scientific) to open the appropriate solenoid valve (sprinkler valve; Orbit, Bountiful, UT). Plants were irrigated with 60 mL of water over a period of 2 min using dribble rings (Dramm, Manitowoc, WI) connected to pressure-compensated drip emitters (Netafim USA, Fresno, CA). The small amount of water applied at each irrigation event was chosen to maintain q at a stable level in the absence of rain. If a plant with a sensor died during the course of the experiment, the sensor was moved to another pot.
Soil moisture readings from each sensor were averaged and stored every 2 h and the number of irrigation events per plot was recorded daily. The total irrigation volume for a plot was calculated from the number of irrigation events and the volume of water applied per irrigation event. Environmental conditions were measured using a temperature and relative humidity sensor (HMP50; Vaisala, Woburn, MA), a quantum sensor (SQ-110; Apogee Instruments, Logan, UT), and a rain gauge (ECRN-50; Decagon Devices) connected to the data logger. On 11 Aug. 2011 two to three plants from each plot at the Watkinsville location were inoculated with 5 g of Phytophthora cinnamomi colonized rice grains produced through the method for inoculum production described by Holmes and Benson (1994) . Inoculated plants were kept on the same irrigation line but were physically separated from other plants to avoid pathogen spread through leached water. Plants were monitored for signs of disease for the remainder of the experiment.
Bud and bloom count was performed biweekly from August through October at the Watkinsville location. At the conclusion of the 191-and 190-d experiments (Tifton and Watkinsville, respectively), plant height and width were recorded. Ten of the uppermost fully expanded leaves were collected and leaf size was measured using a leaf area meter (LI-3100; LI-COR, Lincoln, NE). Shoots were cut off at the substrate surface and were dried at 80°C after which dry weight was determined. Substrate was washed from the roots, which were then dried at 80°C and dry weight was determined. Compactness was calculated as shoot dry weight/plant height.
Experimental design and data analysis. The experiment was designed as a split-split plot design with two replications with the main plot being location and the splits being q and cultivar. Data were analyzed using the PROC MIXED procedure of SAS (SAS Version 9.2; SAS Institute, Cary, NC) with P = 0.05 considered statistically significant. Treatment means were separated using either ) for irrigation. Data were normalized before analysis by dividing all data by cultivar averages to account for natural differences in growth habit among cultivars. Means with the same letter indicate that the main effect of q thresholds is nonsignificant (P # 0.05). There were no location effects or cultivar by q interaction effects.
the SLICE or PDIFF option of PROC MIXED. Curve fitting was done using SigmaPlot (Systat, San Jose, CA). Log transforms were performed when necessary to account for unequal variance among treatments. Plant growth measurements were normalized by dividing each data point by the average of all data for that growth parameter for that particular cultivar. After normalization the average across all treatments for a cultivar was one. Without normalization there was a large cultivar effect on plant growth, because 'August Beauty is a much larger, faster-growing cultivar than 'Radicans'. This large difference in growth between the two cultivars masked any cultivarby-q interactions when non-normalized data were used for analysis. Normalization of the data allowed us to test for interactive effects cultivar by q on growth but not for the main cultivar effect.
Results and Discussion
Substrate water content. At the onset of the q treatments, drying of substrates to the higher q thresholds was achieved quickly, whereas drying to lower q thresholds, specif- Fluctuations in q occurred with larger variations, the result of rain events, which occurred frequently in both locations. Rainfall events caused larger increases in q for the lower q thresholds, likely because of higher q thresholds being close to container capacity. Rain resulted in a larger increase in q when the q was low, because at high q, rain is more likely to result in leaching. Therefore, the average q was closer to the q threshold at higher thresholds. Plant water use and evapotranspiration resulted in the substrate water contents decreasing to q thresholds after rain events. Irrigation volume. Cumulative irrigation volume increased with increasing q thresholds (P = 0.0001) for both cultivars and at both locations (Fig. 2) 5 . Area of the uppermost fully expanded leaf of Gardenia jasminoides 'August Beauty' and 'Radicans' as affected by irrigation threshold. Data were normalized before analysis by cultivar averages to account for natural differences in growth habit among cultivars. Leaf size was lower with the 0.20-and 0.30-m 3 ·m -3 thresholds than with the 0.40-and 0.50-m 3 ·m -3 thresholds (P = 0.002). Leaves in Tifton were larger than those in Watkinsville (P = 0.01), which may be the result of differences in environmental conditions among the two locations. 2010). For 'August Beauty', average cumulative irrigation volume ranged from 0.96 to 63.21 L/plant in Tifton and 1.89 to 87.87 L/plant in Watkinsville. For 'Radicans', cumulative irrigation volume ranged from 1.32 to 125.58 L/plant in Tifton and from 1.38 to 261.21 L/plant in Watkinsville. Differences in irrigation volumes between locations were likely the result of differences in environmental conditions, specifically rainfall (Tifton: 599 mm, Watkinsville: 387 mm), but also temperature and vapor pressure deficit (Table 1) . Cumulative irrigation totals do not include any water plants received from rainfall. It is not clear why there was a large difference in irrigation volumes between cultivars; however, differences in leaf area and growth habit may have contributed to the differences in water use.
The large variation in irrigation volume between the replications of the 0.50-m 3 · m -3 threshold is likely the result of the difficulty in maintaining the 0.50-m 3 · m -3 threshold, which is near container capacity, and the likelihood of excessive irrigation and leaching. This may have also been influenced by sensor-to-substrate contact with the possibility that large bark pieces in the substrate created air pockets that interfered with uniform substrate contact. Air pockets near the sensor lower the dielectric measurement and could result in a sensor underestimating q (Decagon Devices, 2014), which could result in irrigation. Burnett and van Iersel (2008) also reported greater between-replication variation in water use at high thresholds with leaching observed. Container capacity was not quantified; however, leaching frequently occurred with the 0.50-m 3 · m -3 threshold even in the absence of rain.
Plant growth. Shoot and root dry weights of 'August Beauty' were generally higher than those of 'Radicans' so data were normalized by cultivar to allow for comparisons of q thresholds on growth patterns between cultivars. Shoot dry weight of 'August Beauty' increased from 3.5 to 59 g and that of 'Radicans' from 2.7 to 33 g for increasing q threshold. Shoot dry weight was lower with 0.20 and 0.30-m 3 · m -3 thresholds than with 0.40 and 0.50-m 3 · m -3 thresholds (Fig. 3) , but unaffected by the location or the cultivarby-threshold interaction.
Increasing shoot dry weight with increasing q thresholds has been reported for Gaura lindheimeri 'Siskiyou Pink' (Burnett and van Iersel, 2008) and Hibiscus acetosella 'Panama Red' (Bayer et al., 2013) , respectively). Reduced irrigation volumes have been used to produce plants with minimal reductions in plant growth. Groves et al. (1998) found that irrigation volume of Cotoneaster dammeri 'Skogholm' could be reduced by 40% from the volume needed to produce the maximum dry weight while still producing plants with 90% of the maximum shoot dry weight. Tyler et al. (1996) found a reduction of only 8% of maximum shoot dry weight for Cotoneaster dammeri 'Skogholm' with a leaching fraction of 0.0 to 0.2 instead of 0.4 to 0.6. Applying 6% to 75% less water than the control treatment of 19 mm · d -1 increased shoot dry weight or had no effect on 23 different woody ornamental species (Warsaw et al., 2009) . Our results support these findings with shoot dry weight of plants produced at the 0.40-m 3 · m -3 threshold similar to those grown at the 0.50-m 3 · m -3 threshold while receiving 49% and 87% less water for 'August Beauty' and 'Radicans', respectively. Root dry weight increased with increasing q threshold from 1.51 to 37.3 g/plant for 'August Beauty' and from 1.11 to 15.69 g/plant for 'Radicans' (Fig. 3) . The small root systems of plants grown at the 0.20 and 0.30-m 3 · m -3 q thresholds demonstrate that these thresholds were insufficient for good root establishment. This resulted in high mortality rates for both cultivars at both locations at the 0.20-m 3 · m -3 threshold (72% in Tifton and 79% in Watkinsville). The 0.30-m 3 · m -3 threshold also resulted in high mortality (49% in Tifton, 13% in Watkinsville) and growth was less than for higher q thresholds.
Similar to this study, Á lvarez and Sánchez-Blanco (2013) found that root dry weight of Callistemon citrinus 'Firebrand' was reduced with increasing drought stress, although moderate drought stress resulted in similar root dry weight as the control treatment. Fulcher et al. (2012) reported less root growth of Hibiscus rosa-sinensis 'Cashmere Beauty' and 'Radicans' as affected by irrigation threshold. Data were normalized by cultivar averages before analysis to account for differences in growth habit between cultivars. Irrigation thresholds with the same letter indicate that the main effect of irrigation, averaged over both cultivars, is nonsignificant (P # 0.05).
Wind
). Tyler et al. (1996) found that root dry weight of Cotoneaster dammeri 'Skogholm' was unaffected by irrigation volume. The variability in root dry weight with irrigation volume may be the result of natural variability in root growth responses to q among species or as a result of substrate physical properties.
The relationship between total dry weight and irrigation volume demonstrates that irrigating to maintain q above the 0.50-m 3 · m thresholds (P = 0.0026, Fig. 5 ). Different environmental conditions could explain the significant location effect on leaf size (P = 0.0137) with Tifton plants having larger leaves. Leaf size of Hibiscus acetosella 'Panama Red' also increased with increasing q threshold (Bayer et al., 2013) . Leaf elongation is sensitive to drought stress (Lambers et al., 2008) . Reduced leaf size contributes to decreased plant growth under drought because of reduced canopy light interception and photosynthesis (Burnett and van Iersel, 2008) .
Plants grown · m -3 thresholds. Increasing height with increasing q threshold was also reported for Hibiscus acetosella 'Panama Red' (Bayer et al., 2013) , Gaura lindheimeri 'Siskiyou Pink' (Burnett and van Iersel, 2008) , and Callistemon citrinus 'Firebrand' (Á lvarez and Sánchez-Blanco, 2013). In contrast, Fulcher et al. (2012) found that shoot length of Hibiscus rosa-sinensis 'Cashmere Wind' was greatest for intermediate treatments rather than high or low q treatments. Increasing compactness with increasing q threshold was reported for Hibiscus acetosella 'Panama Red' (Bayer et al., 2013) .
No visible signs of Phytophthora cinnamoni infection were observed at any q threshold with no death of inoculated plants. Possible reasons include poor survival of inoculum or not enough time for symptoms to appear. It is also possible that pathogen infections occur when substrates go through cycles of excessive wetting and drying, which can cause root stress or damage (Graham and Menge, 1999) , which did not frequently occur in this study because of the maintenance of q thresholds and extreme wetting to drying only occurring for the lowest thresholds after rain events.
'Radicans' flowered more than 'August Beauty' over the observation period (P < 0.0001; Fig. 7 ). There was no effect of q threshold on flowering of 'August Beauty'. , suggesting that if deficit irrigation is being used to slow growth, flowering can be delayed. Á lvarez and Sánchez-Blanco (2013) found that flowering of Callistemon citrinus was not reduced from the control with moderate deficit irrigation (q 40%) but was reduced for the severe deficit treatment (q 20%). Our results suggest that flowering also may be negatively impacted by overirrigation.
Conclusions
Gardenia jasminoides 'August Beauty' and 'Radicans' had similar growth responses to q thresholds indicating that the challenges in 'Radicans' production are not solely related to irrigation management. However, q thresholds reduced height, width, shoot dry weight, root dry weight, and leaf size at the 0. threshold; the threshold was enough to maintain plants (low mortality) but growth was less than for higher q thresholds. Poor growth at the lower q thresholds shows the importance of root establishment using higher q thresholds when using deficit irrigation. The large difference in irrigation volume between the 0.40-and 0.50-m 3 · m -3 q thresholds suggests that the additional irrigation applied by maintaining a high q threshold leads to overirrigation and leaching with little additional growth. Bud and flower numbers of 'Radicans' with the 0.40-and 0.50-m 3 · m -3 q thresholds show that overirrigation can reduce flowering.
There was little or no difference in growth between the 0.40-and 0.50-m 3 · m -3 q thresholds for either cultivar. Irrigation was more efficient at the 0.40-m 3 · m -3 q thresholds with little leaching observed. These results show that cultivars with different growth habits respond similar to q thresholds and that alteration of volumetric water content can be used for growth control. Further research examining the effect of water deficit on elongation will allow for manipulation of irrigation for growth control.
